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a b s t r a c t
The tree rhododendrons include the most widely distributed Himalayan Rhododendron
species belonging to the subsection Arborea. Distributions of two members of this sub-
species were modelled using bioclimatic data for current conditions (1950–2000). A sub-
set of the least correlated bioclimatic variables was used for ecological niche modelling
(ENM).We used an ENM ensemblemethod in the BiodiversityR R-package tomap the suit-
able climatic space for tree rhododendrons based on 217 point location records. Ensem-
ble bioclimatic models for tree rhododendrons had high predictive power with bioclimatic
variables, which also separated the climatic spaces for the two species. Tree rhododen-
drons were found occurring in a wide range of climate and the distributional limits were
associatedwith isothermality, temperature ranges, temperature of thewettest quarter, and
precipitation of the warmest quarter of the year. The most suitable climatic space for tree
rhododendrons was predicted to be in western Yunnan, China, with suitability declining
towards the west and east. Its occurrence in a wide range of climatic settings with highly
dissected habitats speaks to the adaptive capacity of the species, which might open up fu-
ture options for their conservation planning in regionswhere they are listed as threatened.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Since habitat suitability of plants and animals is strongly determinedby climate (Marino et al., 2011; Pearson andDawson,
2003), niche models, driven by climate variables, have emerged as primary tools for projecting climate change impacts on
species ranges (Elith et al., 2006; Hijmans and Graham, 2006; Hill et al., 2012). Species are assumed to occur within a certain
climatic space determined by the climatic needs of the species (Trivedi et al., 2008). Climate envelope models characterize
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Fig. 1. Distribution range of the subsection Arborea (section Ponticum and genus Rhododendron) in the Himalayas and the HengduanMountains, Southeast
and South Asia. The inset shows the altitudinal distribution of Rhododendron arboreum (R. arb) and R. delavayi (R. del); Locations were obtained from
herbarium collections of tree rhododendron specimens. R. delavayi was described in West Yunnan (YW), Central Yunnan (YC) and East Yunnan (YE); R.
arboreum was described in the remaining locations [Central Himalayas—CH, Eastern Himalayas—EH, Meghalaya—MG, Northeast India and adjoining hills
of Myanmar—MM, South India—SI, Sri Lanka—SL, and Western Himalayas—WH].
these climatic needs (Bakkenes et al., 2002; Trivedi et al., 2008), and classify locations on the map according to climatic
suitability for the species. Climate envelope approaches are rooted in ecological niche theory (Grinnell, 1917; Guisan and
Thuiller, 2005; Hutchinson, 1957), and they are increasingly being applied in ecological and evolutionary research (Austin,
2007; Elith and Leathwick, 2009; Sagarin et al., 2006), as well as for studies in the fields of biogeography and biological
conservation (Araújo et al., 2004; makowsky et al., 2010). Understanding the ecological needs of keystone species, such as
rhododendrons (Singh et al., 2009) in the Himalayas, is of critical importance for ecosystem conservation.
Among Rhododendron, the subsection Arborea of the section Ponticum and the subgenus Hymenanthes (Chamberlain,
1982) contains only a few species. Two species in this subsection,Rhododendron lanigerum Tagg andR. niveum J.D. Hooker, are
endangered/threatened (Fang et al., 2005) species with small distributional ranges, and they are not included in the present
work due to insufficient data. Some literature (sensu Fang et al., 2005) divided the remainder of the subsection Arborea
into two species, R. arboreum Smith and R. delavayi Franchet, while some includes delavayi as one of the sub-species of R.
arboreum (sensu Chamberlain, 1982). Five lower taxa of R. arboreum have been listed, three from the Himalayas (including
subsp delavayi) and two from tropical highlands (Giriraj et al., 2008; Long, 1991; Press et al., 2000; Sekar, 2010). Because
of the wide distributional range and the complex infra-generic taxonomy, we summarily refer to this taxonomic group
as ‘‘tree rhododendrons’’, where appropriate in this paper. Tree rhododendrons occur in Southern China, Myanmar, India,
Bhutan, Nepal, and Northern Pakistan (R. arboreum subsp arboreum and R. arboreum subsp cinnamomeum) at elevations
between approximately 1000 and 3800 masl (Fig. 1) (Chamberlain et al., 1996; Fang et al., 2005; Long, 1991; Press et al.,
2000; Sekar, 2010). In addition, isolated populations, possibly representing remnant vegetation from glacial periods of the
Pleistocene (Burkill, 1924; Giriraj et al., 2008), exist in mountainous regions of South India (R. arboreum subsp nilagiricum)
and Sri Lanka (R. arboreum subsp zeylanicum).
Tree rhododendrons are an important component of Himalayan ecosystems. They fulfil multiple functions within
ecosystems throughout themountain range. They grow in awide range of habitats, including steep areas of high rainfall and
acidic soils, and so help to stabilize slopes and maintain watershed functions (Cox, 1990; Gibbs et al., 2011). This widely-
distributed species likely plays a major role in sustaining a wide-range of insect and bird pollinator populations due to its
profuse flowering and nectar provision from early spring to early summer (Ranjitkar et al., 2013; Singh et al., 2009). Tree
rhododendrons also serve as very important habitat components for several endangered species, including the red panda
Ailurus fulgens (Dorji et al., 2011), the Himalayan musk deerMoschus chrysogaster, the Asian black bear Ursus thibetanus (Rai
et al., 2012), and the cheer pheasant Catreus wallichii (Jolli et al., 2012).
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Table 1
Bioclimatic variables used for calibrating ecological niche models.
Abb. Variable Abb. Variable
Bio1 Mean annual temperature Bio12 Total (annual) precipitation
Bio2 Mean diurnal range (mean of max temp–min temp) Bio13 Precipitation of wettest month
Bio3 Isothermality (Bio2/Bio7) (* 100) Bio14 Precipitation of driest month
Bio4 Temperature seasonality (standard deviation *100) Bio15 Precipitation seasonality (coefficient of variation)
Bio5 Max temperature of warmest month Bio16 Precipitation of wettest quarter
Bio6 Min temperature of coldest month Bio17 Precipitation of driest quarter
Bio7 Temperature annual range (Bio5–Bio6) Bio18 Precipitation of warmest quarter
Bio8 Mean temperature of the wettest quarter Bio19 Precipitation of coldest quarter
Bio9 Mean temperature of driest quarter AI Annual aridity index
Bio10 Mean temperature of warmest quarter PET Annual potential evapotranspiration
Bio11 Mean temperature of coldest quarter
Abb.—abbreviation.
In addition to their ecological value, tree rhododendrons are of cultural importance to local people. As an edible,medicinal
and sacred species, they are an important part of traditional knowledge formany ethnic groups living in the Sino-Himalayan
region (Bhattacharyya, 2011; Cox, 1990; Dolui et al., 2004), while trunks and branches of rhododendrons are harvested
extensively for fuel, charcoal and timber (Chettri et al., 2002; Ranjitkar et al., 2014a; Schmidt-Vogt, 1990). Yet human-
induced land transformation and excessive harvesting for firewood and timber has resulted in the loss of habitat and
reduction in the population of tree rhododendrons—causing the species to be included on the red-list of threatened species
maintained by the International Union of Conservation of Nature (IUCN) (Gibbs et al., 2011). They are listed as endangered
(EN) in southern India (Gibbs et al., 2011), as vulnerable in Sri Lanka (MOE, 2012) and northeast India (Singh et al., 2009),
and as threatened in the north-western part of its native range, including parts of India and Pakistan (Haq, 2011). In some
regions; however, there is no particular concern about the conservation of tree rhododendrons (Gibbs et al., 2011).
Species with superior capacity to disperse, ability to migrate fast enough to keep pace with climate change, high
competitiveness with already-established vegetation and adaptability to a wide-range of habitat conditions have shown
the ability to occupy large areas, often as invasive species (Feeley and Silman, 2010; Normand et al., 2011; Sexton et al.,
2009). Tree rhododendrons (particularly R. arboreum) must share some of these characteristics, since it is the only species
out of hundreds of Rhododendron species that occurs throughout the entire Himalayanmountain range, as well as in isolated
temperate regions in South India and Sri Lanka. On the other hand, tree rhododendrons show mass foliar damage due to
sudden change in temperature (Rai et al., 2012) and a tendency to flower earlier with rising temperature (Ranjitkar et al.,
2013),which indicates their sensitivity to climatic influences. Therefore, the study of the climatic space occupied by keystone
species, such as tree rhododendrons, is important for gaining insights into the response of temperate Himalayan species to
climate change and related conservation issues.
In this study, we examine the general biogeography of tree rhododendrons, regarding the climatic needs of two species.
Our model aims to describe climatic suitability, which would have to account for various contributing factors for which no
suitable data are available. Specific objectives of this investigation are (1) to identify key climatic constraints and determine
the climatic space for tree rhododendrons, (2) to separate the climatic space for twowidely-distributed tree rhododendrons,
R. arboreum and R.delavayi, which are believed to have niche overlap, and (3) to describe dispersal of tree rhododendrons in
relation to climate, including possible barriers, corridors, and conservation issues.
2. Material and methods
2.1. Bioclimatic data
Bioclimatic data layers of the WorldClim Dataset (www.worldclim.org/bioclim) (Hijmans et al., 2005), as well as the
Global Aridity Index and Global Potential Evapo-Transpiration data from the CGIAR-CSI (www.csi.cgiar.org) were used as
predictors of tree rhododendron distribution (Table 1). All datasets used had a spatial resolution of 30 arc-seconds.
2.2. Species location data
We compiled location data of individual tree rhododendrons from herbarium specimens housed in the National
Herbarium and Plant Laboratory in Kathmandu, Nepal, and the Kunming Institute of Botany, China. In addition, online
databases of the Chinese Virtual Herbarium, the Royal Botanical Garden at Edinburgh, United Kingdom, and the Herbarium
at the University of Tokyo, Japan, were used as data sources (Appendix A). Field notes from our previous work were also
included as sources of occurrence data. Specimen positions were verified using local flora, scientific publications (Appendix
B), and field observations.We excluded recordswith obvious geocoding errors, aswell as textual location referenceswithout
coordinates. We also excluded repeated locations and locations that occurred in the same cell of a grid, with a spatial
resolution of 10 min, to reduce spatial autocorrelation due to clustering of collection activity at certain places. Out of more
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than 1200 records throughout the Sino-Himalayan and Southern regions of distribution, 152 R. arboreum and 65 R. delavayi
records that were collected after 1950, and were used for building climatic envelope models (see Fig. A.1 in Appendix A).
2.3. Selection of predictor variables
A subset of the bioclimatic indicators was chosen as explanatory variables. Variables in this subset should not be highly
correlated, so we used the Variance Inflation Factor (VIF) to select a suitable set of predictors (Fox and Weisberg, 2011;
Ranjitkar et al., 2014b). We used the VIF, in combination with a correlation matrix, to summarize climatic information
associated with tree rhododendrons locations. VIF and correlation coefficients were calculated using BiodiversityR (Kindt,
2014), a package for biodiversity analysis for the R programming language (see Table C.1 in Appendix C for various packages
used within BiodiversityR). The VIF is used as an indicator of multi-collinearity, and identifies sets of predictors that are
highly correlated. We applied the frequently-used VIF threshold of 5 (Rogerson, 2001) for deciding which predictors to
accept for further analysis. The ensemble test was run with location and pseudo-absence points, which were split into 75%
calibration and 25% test data, andwere performed until a set of predictorswith VIF values<5 and Pearson correlation values
<0.8 were obtained (see Tables D.1–D.4 in Appendix D).
2.4. Modelling process in BiodiversityR
A three-step model, run in the BiodiversityR package, was performed to prepare for consensus mapping of species
distributions. Consensus mapping is a mapping technique that is based on an ensemble of several niche modelling
algorithms, rather than on a single approach. This strategy has been shown to increase the accuracy of species distribution
predictions over single-algorithm procedures, and it has great potential for applications in conservation biology and
biogeography (Marmion et al., 2009).
The first step was the calibration of ENM algorithms, which are listed in Table 2. In the BiodiversityR package, sets of
functions were developed for a more-direct handling of these model formulae for ensemble output (Kindt, 2014). Function
(ensemble.test.spilts) in the package was used for calibration that uses the tuning procedure. The tuning procedure uses an
internal cross-validation procedure, in which the calibration dataset is split into k subsets. Subsequently, the Area Under
the Receiver Operator Curve (AUC) values of the subsets are used to determine the appropriate weights (range between
lowest 0 to highest 1) for the ensemble model (Kindt, 2014). For each focal species, this test run was repeated multiple
times, resulting in conclusive average weights for modelling algorithms.
A second calibration procedure (ensemble.test function) was applied where modelling algorithms with weights >0.05
(default value) were retained. In the second calibration, 10 internal test runs and 4-fold cross-validations resulted in final
weights for the selected algorithms,whichwere used to produce the final ensemble output. In addition, the tuning procedure
explored how differences in weights of the sub-models resulted in changes in the AUC of the ensemble model, and it
selected the weights that result in the greatest accuracy of the ensemble model. The automated process in BiodiversityR
uses weighted average (wmod) of individual algorithms (Pmod) to calculate the ensemble model (Pensemble) using the following
formula:
Pensemble =

(wmodPmod)
wmod
.
The third step included preparation of consensus raster layers using function (ensemble.raster) that combined modelling
algorithms with positive weights into ensemble outputs (Kindt, 2014). Only the most successful algorithms, according to
the AUC criterion, were used for constructing the ensemble prediction. The first consensus layer summarized the ensemble
output that indicated the presence of focal species for each grid cell, based on a threshold defined bymaximizing the sum of
the true presence and true absence rates. Other layers produced included a presence–absence (1–0) map and a consensus
suitability map based on the number of individual suitability models that predict the presence of the focal organism.
2.5. Ensemble forecast of climatic space
The aforementioned process was slightlymodified for the ensemble forecast of tree rhododendron’s climatic space in the
presentwork. In the first calibration step, we split the presence and background dataset geographically, wherewe calibrated
18 algorithms (Tables 2 and 3) for predicting tree rhododendron’s habitat. The Rhododendron arboreum distribution was
split into five sub-regions, four in the Himalayas and one in the southern region of the distribution. Similarly, the R. delavayi
distribution was split into two sub-regions, the western and eastern part of the species’ range. Following Ranjitkar et al.
(2014b) we used 4-fold cross-validation, where the presence and background data were divided into 75% calibration and
25% evaluation subsets for each sub-region. Weight values obtained from each run for each sub-region were again averaged
to obtain final weights for the region. Modelling algorithmswithweights>0.04were selected for calibration andmodelling
in the region (Table 3). Consensusmapping and statistics of replicate runswere used as final products to describe the climatic
space for tree rhododendrons.
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Table 2
Species distribution modelling algorithms available in current version of BiodiversityR to build ensemble model.
Class of model Method Description of sub-model as used in BiodiversityR
Envelope model BIOCLIM It computes the similarity of a location by comparing the fi(xi) at any location to a
percentile distribution of the values at known locations of occurrence.
Multivariate distance DOMAIN It computes the Gower distance between environmental variables at any location
and those at any of the known locations of occurrence.
Regression:Multivariate adaptive
regression splines
MARS It is a non-parametric regression technique that automatically models
non-linearities and interactions between variables.
Flexible discriminant analysis FDA It is a supervise classification method. The method combines different models for
multi-group non-linear classification.
Additive models: Generalized additive
models
GAM Generalized additive models are a semi-parametric approach to predicting
non-linear responses to a suite of predictor. The method uses the backfitting
algorithm that provides a very general modular estimation method capable of
using a wide variety of smoothing methods to estimate the fi(xi).
Stepwise GAM GAMSTEP Builds a GAMmodel in a step-wise fashion.
Mixed GAM Computation Vehicle MGCV It provides functions for generalized additive and generalized additive mixed
modelling, while the estimation of models is based on the smooth functions using
penalized regression splines.
MGCV with fixed d.f. regression splines MGCVFIX It uses a GAM technique with fixed degree of freedom regression splines.
Boosted regression models:
Generalized boosted regression models
GBM GBM is based on prediction components, where each component consists of a
different weighted sum of nonlinear transformations of the predictor variables.
Each prediction component is fitted to the residuals of the previous component in
the model.
Stepwise boosted regression tree models GBMSTEP It is a technique that aims to improve the performance of a single model by fitting
many models based on stepwise selection and combining them for prediction.
Generalized linear models GLM GLM generalizes linear regression by allowing the linear model to be related to the
response variable via a link function and by allowing the magnitude of the variance
of each measurement to be a fi(xi).
Stepwise generalized linear models GLMSTEP It includes regression models in which the predictive variables are selected by an
automated algorithm that involves backward elimination or forward selection.
Maximum entropy MAXENT It is a machine-learning method that estimates the species distribution probability
by assessing the maximum entropy distribution, so that the most spread-out, or
closest to uniform.
Artificial neural networks NNET It is a machine learning approach that employs an adaptive structure, which can be
trained with application data to capture complex relationships between input and
out variables.
Random forests RF It is a collection of tree-structured weak learners that comprised identically
distributed random vectors where each tree contributes to a prediction.
Recursive partitioning and regression
trees
RPART It is a simple nonparametric regression approach, where the space spanned by all
predictor variables, is recursively partitioned into a set of rectangular areas. The
partition is created such that observations with similar response values are
grouped and a constant value of the response variable is predicted within each area.
Support vector machines SVM Machine-learning methods that are based on classification (C-svc, nu-svc), novelty
detection (one-class-svc), and regression (eps-svr, nu-svr).
SVME It is used to train an SVM and carry out general regression and classification (of nu
and epsilon-type), as well as density-estimation.
fi(xi) = function of predictor variable ‘i’.
The ensemblemodel of species distribution assigned quantitative scores for habitat suitability for all pixels of the analysis
grids. The model output suggests the cut-off point, above which suitable climatic space for the focal species can be found.
We classified all pixels in the consensus map output according to this criterion, such that all pixels with suitability scores
above the cut-off point were included in the species’ bioclimatic space. All steps involved in the modelling procedure were
executed using the BiodiversityR (ver. 2.4-1) package within the R 3.0.2 environment, and the final distribution map was
prepared using ArcGIS 10 (see Appendix A).
3. Results
3.1. Ensemble model
Stepwise elimination of the bioclimatic variables with VIF values >5 resulted in a set of least correlated predictor
variables. Seven bioclimatic variables were used in predicting the climatic space for R. arboreum, while six were identified
for R. delavayi. Mean weights obtained from split test runs at sub-regions, and the average weight used in the final model
run, are tabulated in Table 3. Among sub-regions, differences were found for the contributions of these variables (Fig. 2), as
well as for the number of algorithms used in the ensemble modelling (Table 3).
Models based on the combination of these variables provided good fits to the data in regional-level prediction. Mean AUC
values of the algorithms selected for the ensemble were high and fairly similar, with a mean AUC of the ensemble model
of 0.98 for both species. The threshold, indicating the cut-off point, below which climatic space was found to be unsuitable,
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Table 3
Species distributionmodelling algorithms calibrated, weight for each algorithm from each sub-region and values in bold representweight
reassigned for final model calibration.
Algorithm/sub-models R. arboreum R. delavayi
FW W C E S Mean Final WY EY Mean Final
BIOCLIM 0 0 0 0 0.032 0.006 0 0 0
DOMAIN 0 0 0 0 0 0 0 0 0
EARTH* 0.069 0.067 0.051 0.083 0.118 0.078 0.083 0 0.025 0.013
FDA 0.025 0 0 0 0 0.005 0 0.016 0.008
GAMĎ 0.134 0.139 0.139 0.134 0.138 0.136 0.145 0.146 0.134 0.14 0.147
GAMSTEP# 0 0 0.043 0.014 0.022 0.016 0.033 0.059 0.046 0.048
MGCV* 0.018 0.092 0.092 0 0.016 0.043 0.046 0 0.015 0.008
MGCVFIXĎ 0.094 0.117 0.111 0.092 0.121 0.107 0.114 0.132 0.098 0.115 0.121
GBMĎ 0.154 0.141 0.144 0.151 0.1 0.138 0.147 0.161 0.159 0.16 0.168
GBMSTEPĎ 0.151 0.137 0.141 0.149 0.131 0.142 0.151 0.157 0.156 0.156 0.164
GLMĎ 0.103 0.109 0.118 0.088 0.111 0.106 0.113 0.122 0.086 0.104 0.109
GLMSTEP 0 0.019 0 0 0 0.004 0 0 0
MAXENT 0 0 0 0 0 0 0 0 0
NNET 0.05 0 0 0.025 0.026 0.02 0 0.014 0.007
RFĎ 0.154 0.142 0.146 0.152 0.143 0.147 0.157 0.163 0.16 0.162 0.17
RPART* 0.015 0.037 0.015 0.096 0.044 0.041 0.044 0 0.025 0.012
SVM 0 0 0 0 0 0 0 0 0
SVME# 0.034 0 0 0.017 0 0.01 0.085 0.053 0.069 0.073
Null values (in ‘Mean’ columns) indicate algorithms not included for determination of weight in first step
*Algorithms used in ensemble for predicting climate space of R. arboreum; Ď Algorithms used in ensemble for predicting climate space of
both species; #Algorithms used in ensemble for predicting climate space of R. delavayi
FW—Farwestern Himalayas,W—Western Himalayas, C—Central Himalayas, E—Eastern Himalayas, S—Southern Himalayas,WY—Western
Yunnan, and EY—Eastern Yunnan.
Fig. 2. The climatic space for tree rhododendron throughout South and Southeast Asia, based on geographically-divided calibration. Grey lines indicate
longitudinal division based on occurrence of the species in the Himalayas and the Hengduan Mountain region.
was 0.068 for R. arboreum and 0.075 for R. delavayi. Fig. 3(a) indicated a presence–absence (0–1) map, based on these cut-
off values. The species occurrence area in Fig. 3(a) was equivalent to the suitable range predicted with ensemble of seven
algorithms, as shown in the consensus map (Fig. 3(b)).
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Fig. 3. Consensus map layer produced as a result of the ensemble modelling, based on average weights obtained from geographically divided calibration:
(a) Presence of two focal species within the area of prediction, (b) number of algorithms used in the ensemble modelling and (c) forecast of climatic space
for the two focal species.
3.2. Bioclimatic space
Our predictions show suitable climate for tree rhododendrons between the Indus River Basin in thewest and the Yangtze
River Basin in the east (Fig. 3(c)). No suitable climatic space was predicted on the Tibetan Plateau to the north of the
Himalayas, restricting the entire space to the southern part of the mountain range. The eastern regions (including the
Hengduan Mountain region) were predicted to be most suitable for tree rhododendrons (Fig. 3). The temperature ranges
(both annual and diurnal) were important in this region (Fig. 2), where climatic space of both species overlapped, although R.
arboreum occurrencewas not confirmedwith herbarium data or literature towards southern Yunnan (south to 27° latitude).
Suitable climatic conditions for R. delavayi were identified in the highlands of Yunnan (central and western Yunnan and in
the Kachin state in Myanmar). The Yangtze River Basin, and associated lowlands, separate the climatic space for this species
in the western Yunnan highlands to the eastern Yunnan–Guizhou Plateau (Fig. 3). Three parallel rivers – the Mekong, the
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Salween and the Irrawaddy – divide the bioclimate space of the two Rhododendron species. East of the Mekong river, only
R. delavayiwas reported while R. arboreum has been confirmed to west of the Salween (Fig. 3(c)).
Fromwestern Yunnan andKachin (i.e. west of the Salween), a narrowband of climatic space for R. arboreum extends along
the mountains to the north of the Brahmaputra River Basin, westward along the Himalayan Mountains and into Northern
Pakistan. The Brahmaputra Basin and associated lowlands were identified as barriers that divided the climatic space of
tree rhododendrons. Directly to the south of the Brahmaputra Basin, suitable climatic space was predicted in Meghalaya
(Northeast India). Towards the southeast, suitable areas extended into Chin State (Myanmar), the hilly regions of Nagaland,
Manipur and Mizoram in Northeast India, and the highlands of Thailand. Temperature variables were also important in this
region.
Suitability continued throughout the Himalayas, with highmountains, deep gorges, and river basins constituting barriers
to dispersal. Many river valleys, especially in the upper catchments, connected suitable habitats. This pattern of coalition
and disjunction of climatic space for tree rhododendrons was noticed throughout the Himalayas. Major river basins and
river systems that interrupted the continuous distribution of these species are shown in Fig. 3. Compared to the Eastern
Himalayas, habitat suitability was lower in the Western Himalayas where precipitation variables were found to be more
important than temperature. Small, isolated patches of climatic space were also predicted in South India and Sri Lanka, in
tropical montane areas.
4. Discussion
4.1. Performance of the modelling procedure
On a regional scale, the climatic space for tree rhododendrons identified by our ecological niche model corresponded
closely to the actual distribution of the species throughout the Himalayas, the Hengduan Mountains, and other parts of
Southeast and South Asia. However, the actual habitat is likely smaller than what is indicated by our models, because cli-
matic variables are not the only determinants of habitat suitability. Edaphic and bio-geographic factors limit the distribution
of species, even in areaswith suitable climate. Seed dispersalmechanisms, the ability of a species to colonize a new territory,
presence of existing vegetation and human-induced land transformations also confine a species’ actual distribution (Nor-
mand et al., 2011; Sexton et al., 2009). On the other hand, whenmodelling is carried out in a large geographical area, climate
is typically considered the most important determinant of species occurrence (Pearson and Dawson, 2003), and it provides
basic information on suitable habitat for the species (Marino et al., 2011). An ensemble approach can improve the accuracy
of species distribution predictions (Marmion et al., 2009), which makes us confident that the approach taken in this study
provided robust habitat predictions.
4.2. Climatic space for tree rhododendrons
Tree rhododendrons are responsive to temperature, and it is an important delimiting factor. Cold temperatures, in
particular, limit the distribution of a number of species in the Himalayas (Ranjitkar et al., 2013; Vetaas, 2002). Our model
diagnosed a strong response of tree rhododendrons to temperature, particularly to temperature ranges and isothermality
throughout the distribution range, and ‘‘temperature during thewettest quarter’’ in theHimalayas for delimiting the climatic
space of R. arboreum. Nonetheless, while the contribution of temperature was important for the bioclimatic space, our
model also diagnosed a strong response to precipitation variables. Warm temperatures affect moisture availability, and
sufficient rainfall is necessary to overcome the moisture stress. This could be essential for defining the suitable habitat of
tree rhododendrons. The samemight be true formany temperate trees, as several studies have shown that, near thewarmer
edge of their suitable range, such trees grow best where soil moisture is high (Bonan and Sirois, 1992; Fang and Lechowicz,
2006).
Field surveys and published studies (Appendix A) have shown that tree rhododendrons occur in the temperate forest,
with significant amounts of rainfall and high humidity. An important role of precipitation in explaining the distribution of
tree rhododendrons could thus be expected. In the Himalayas, almost 80% of annual rainfall occurs during the monsoon
season (Ranjitkar et al., 2013; Vetaas, 2000;Wangda and Ohsawa, 2006), which coincides with the warmest and the wettest
quarter of the year, when thermal stress is higher. The monsoonal climate is reflected by high rainfall seasonality values in
our model. For different sub-regions, precipitation at different times of year represents an important factor that determines
the suitability of R. arboreum (i.e. ‘‘precipitation during the driest and coldest quarter’’ in the far-western sub-region, and
‘‘precipitation during the warmest quarter’’ in the western sub-region). Humid conditions during this season likely mitigate
moisture stress caused by high temperatures in the comparatively-drier Western Himalayas. The high density of tree
rhododendrons in the wetter parts of the Eastern Himalayas, compared to the drier Western Himalayas, also suggests that
high rainfall increases the chance of encountering the species. Southern populations of tree rhododendrons receive rainfall
throughout the year, which may be necessary for the species to survive at lower latitudes. Giriraj et al. (2008) also reported
the importance of precipitation variables (which almost exactly concur with our model) for R. arboreum subsp nilagiricum
in the Western Ghats, South India.
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4.3. Dispersal
The monsoonal climate in the Sino-Himalayas might be a climatic factor for dispersal of tree rhododendrons (subsection
Arborea). This area is characterized by a very high rate of plant endemism (Zhang and Sun, 2011), as well as rapid
diversification of the entire subgenus Hymenanthes (Milne et al., 2010). Therefore, it seems plausible that R. delavayi, which
occupies almost the entire eastern region (the Hengduan Mountain range and the eastern sub-region) of the distributional
range, is representative of this ancient gene pool. This species must have a narrower range of climatic suitability, as shown
in our predictions. Therefore, its range expansion towards the west and south from this region might have been promoted
by climatic fluctuations, speciation under climatic stress, and the ability of rhododendrons to disperse over long distances.
Rhododendron seeds are dispersed through air, water, and by animals (attached in animal fur) (Higgins, 2008). Seed can
travel over 100 m (up to 1000 m) in windy conditions, as shown for Rhododendron ponticum (Higgins, 2008; Stephenson
et al., 2007). In addition, animal movement can help in long-distance dispersal of the species, while streams and rivers can
spread seeds even farther. A role of rivers in shaping species distributions and transferring invasive species to new areas is
suggested by several studies conducted in Yunnan (Wang et al., 2011; Yue et al., 2012; Zhang and Sun, 2011).
It seems plausible that the migration occurred primarily along the river valleys that currently connect bioclimatic spaces
for tree rhododendrons. The different sub-species within species of this subsection – several of which, at the present
time, share habitats – are likely to have arisen during periods in which habitats were more fragmented than today. Such
fragmentation might have occurred during glacial periods of the Pleistocene (Irving and Hebda, 1993). Our model does not
incorporate identification of the sub-species level in the initial stage of modelling because most of the specimens used as
source of information do not provide nomenclature details at a sub-species level. Therefore, model outputs do not recognize
climatic niche at a sub-species level, particularly in the Himalayas.
4.4. The southern populations of tree rhododendrons
The climate variables selected for modelling were capable of predicting the bioclimatic spaces of the two southern sub-
species, but their connection to the Himalayan ecotypes could not be explained on the basis of the present model. The two
sub-species R. arboreum subsp nilagiricum and R. arboreum subsp zeylanicum are present in geographically-separate tropical
montane areas of South India and Sri Lanka, respectively, potentially representing remnants of plant communities that
occupied the subcontinent during Pleistocene glaciations (Burkill, 1924). As in the case of Yunnan (Wang et al., 2011; Yue
et al., 2012; Zhang and Sun, 2011), the role of SouthAsian rivers should not be underestimated in species dispersal. The Paleo-
Ganges River may have contributed to the dispersal of Himalayan species to southern latitudes, from where some species
settled into their current habitat during the glacial period. According to the so-called Satpura hypothesis, the Satpura range
to the south of the Ganges Basin (Fig. 3(c))might have served as amigration route of temperate species to southern latitudes.
The Satpura hypothesis also elaborates on the role of rivers in this region for the dispersal of animal and plant species (Hora,
1949). Population genetic studies have not been used to confirm these theories in the current study, but based on some
other studies (e.g. Jain et al., 2000; Kuttapetty et al., 2014) and modelled bioclimatic space, the aforementioned drivers are
likely to be true for current patterns of distribution.
4.5. Tree rhododendrons in the context of climate change
Tree rhododendrons are relatively long-lived species and populations at low elevations may be remnants from larger
populations present during a cooler period 150–500 years ago (Vetaas, 2002). Thus, it is possible that suitable habitats have
already been shrinking for some time, putting additional pressure on the specieswhich is also threatened by human-induced
habitat loss (Gibbs et al., 2011; Giriraj et al., 2008; Haq, 2011; MOE, 2012; Singh et al., 2009).
On the other hand, strategies that enable species to copewith climatic change can put some insights in tree rhododendron
distribution. A species can genetically adapt through evolutionary processes, or the organisms’ physiology may be plastic
enough to enable it to function under a wide range of climates (Austin and Moehring, 2013). Such wide distribution is
suggestive of high genetic diversity (Geml et al., 2010), which is reported within the tree rhododendron’s gene pool (Jain
et al., 2000; Kuttapetty et al., 2014), particularly R. arboreum. The southern species of tree rhododendrons are likely a
manifestation of this genetic adaptability.
A further advantage of the species may be its high phenotypic plasticity that allows tree rhododendrons to thrive
even in regions that are outside its climatic ‘‘comfort zone’’. The most striking example of this phenotypic adaptability
is the existence of a viable reproducing population of Rhododendron arboreum in the highlands of Jamaica, where a
patch of naturalized forest of Rhododendron arboreum was reportedly established during the early 1900s (Goodland and
Healey, 1996; Leach, 1957). This suggests that, if tree rhododendrons are left undisturbed, they may be able to cope with
rapid climate change, and little conservation effort would be needed to help them persist. However, as evidenced by its
listing as threatened in some areas of the Himalayas, land-use pressures on the species and its habitat are intense and
unabated.
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5. Conclusions
Our ecological niche models were very successful in delineating the current climatic space of two tree rhododendrons
species. The distributional limits of tree rhododendrons were associated with thermal factors (isothermality and
temperature during the wettest quarter of the year), except in the drier Western Himalayas, where the moisture regime
(precipitation during the coldest and warmest quarter of the year) is an important contributor. Its occurrence in a wide
range of climatic settings with highly dissected habitats speaks of the adaptive capacity of the species, and the existence
of isolated viable populations in South India, Sri Lanka and Jamaica indicates high phenotypic plasticity. More information
about the age structure, climatic adaptability and detailed genetic studies from the region of occurrence, would provide
evidence of previousmigrations and genetic adaptability of this Himalayan species. Such information, along with the plastic
nature of tree rhododendrons, might open up future options for their conservation planning in regions where they are listed
as threatened.
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